Persistent organic pollutants (POPs) are very tenacious wastewater contaminants. The consequences of their existence have been acknowledged for negatively affecting the ecosystem with specific impact upon endocrine disruption and hormonal diseases in humans. Their recalcitrance and circumvention of nearly all the known wastewater treatment procedures are also well documented. The reported successes of POPs treatment using various advanced technologies are not without setbacks such as low degradation efficiency, generation of toxic intermediates, massive sludge production, and high energy expenditure and operational cost. However, advanced oxidation processes (AOPs) have recently recorded successes in the treatment of POPs in wastewater. AOPs are technologies which involve the generation of OH radicals for the purpose of oxidising recalcitrant organic contaminants to their inert end products. This review provides information on the existence of POPs and their effects on humans. Besides, the merits and demerits of various advanced treatment technologies as well as the synergistic efficiency of combined AOPs in the treatment of wastewater containing POPs was reported. A concise review of recently published studies on successful treatment of POPs in wastewater using hydrodynamic cavitation technology in combination with other advanced oxidation processes is presented with the highlight of direction for future research focus.
Introduction
The combinations of effluents from one or more of industrial, domestic, agricultural, institutional and commercial practices constitute wastewater. The concept is very important in water resource management because it allows economically feasible reuse or controlled discharge of toxic waste into the environment. Efficient wastewater management, availability of potable water and good sanitation are important ingredients in the actualisation of Millennium Development Goals (MDG) (UNESCO 2012) . The major components of wastewater such as organic pollutants, toxic metals, micro-pollutants, plant nutrients and pathogenic microorganisms can cause serious health and environmental problems when released untreated (Corcoran et al. 2010) . Meanwhile, only a small volume of the produced wastewater can be adequately treated with conventional treatment facilities (Frenken and Gillet 2012) . The consequence of this is the rapid growth of deoxygenated dead zones across the oceans, seas and lakes with grievous impact on living organisms and their environment. Evolution of gases (from the dead zone) such as methane and nitrous oxide which cause ozone layer depletion as well as chemical contamination and microbial pollution may partially be responsible for the recent upsurge in poor global health (UNESCO 2012) . Besides, the majority of the mega cities Responsible editor: Vítor Pais Vilar are adversely affected because of their high population status and location which is generally on the coastal line with little or no means of adequately disposing effluents from toilets, kitchens and baths (Corcoran et al. 2010) .
Apparently, wastewater can originate from a discrete and identifiable point source or from a diffuse and difficult to control non-point source. Domestic and industrial wastewaters are very common point sources while agricultural wastewater predominate the non point sources of contamination. Domestic wastewater, either black water (excreta, urine and faecal sludge) or grey water (kitchen and bathing wastewater), has a significant concentration of excreted pathogens, especially in high epidemic regions. These pathogenic organisms are responsible for the preventable death of about 1.45 million people annually (Pandey et al. 2014 ). The wastewater management system must therefore be efficient for disease prevention and control among many other functions. Besides, diffused and end of pipe pollutants are mostly sourced from agricultural wastewater. Agricultural practices account for the highest percentage of global water use. Wastewater from agricultural sources is difficult to quantify because of its diffused nature. However, it has been recognised as a major global contributor of pollutants (OECD 2011) . Industrial wastewater contains a significant number of persistent organic pollutants, toxic chemicals, heavy metals and micro-pollutants. Ninety percent of industrial wastewater is intentionally dumped untreated in developing countries (Corcoran et al. 2010) . The success stories in some countries are based on clear allocation of responsibilities for wastewater managers and strict adherence to the principles of urban wastewater treatment directives (DEFRA 2012) . Permits or consents can also be issued based on the quantity and quality of waste to be discharged and some substances (arsenic, mercury, cadmium, selected pesticides, cyanides and a number of complex organic compounds) are banned completely. The huge amount of wastewater generated in manufacturing companies and the household must be treated to ensure effective reclamation and reuse of the scarce water resources for profitability and efficient management. In view of this, investment in low energy, environmentally friendly and cost-effective wastewater treatment technology can no longer be delayed. The major focus of contaminant removal is based on organic matter which is primarily measured by oxygen demand. Chemical oxygen demand (COD) is the amount of dissolved oxygen required by a chemical oxidising agent for the oxidation of organic content of the treated water. Meanwhile, biochemical oxygen demand (BOD) measures the dissolved oxygen used in the oxidation of organic matter by microorganisms. COD is higher in magnitude than BOD because there are many organic chemicals that cannot be oxidised by microorganisms but can be easily oxidised by chemicals. The oxygen used in the incineration (physical oxidation) of organic matter in the treated water is measured by total oxygen demand (TOD) while the amount of organic carbon remaining after incineration of the treated water is termed total organic carbon (TOC). This paper examines the existence of persistent organic pollutants (POPs) contamination in wastewater, its effect on humans, the success and failure of conventional wastewater treatment to degrade the POPs in wastewater. Furthermore, the attempt made through the development of various forms of advanced treatment options in removing these POPs and the opportunities offered by the use of heterogeneous Fenton processes in hybrid combinations with hydrodynamic cavitation are also reviewed.
Persistent organic pollutants
Persistent organic pollutants are a group of bioaccumulative chemicals with the propensity for long distance transportation and long retention time in the environmental media without degrading into less toxic forms. They are contaminants of emerging concern (CEC) due the recent increase in the awareness of their biological and economic importance. Especially worrying is the negative health impact and endocrinedisrupting role of a number of these compounds (Clara et al. 2005; Kiparissis et al. 2003) . The diverse sources and volumes of POPs are increasing while fresh water is consequently depreciating in both quality and quantity (Hossain et al. 2012) . The sources of POPs include anthropogenic, agricultural and industrial. Pharmaceuticals, personal care products, hormones, industrial chemicals, organic dyes and pesticides are known examples of POPs. These chemicals are responsible for disruption of the immune system, cause cancer, central nervous system and reproductive disorders. Initially, 12 chemicals were already recognised at Stockholm convention for their responsibility for causing adverse effects on human and ecosystem (Table 1) (Krapcheva 2006) . Contamination of water by POPs constitutes a great environmental liability for the current generation due to their resistance to photolytic, chemical and biological degradation and their harmful impact on abiotic and biotic species (Krapcheva 2006) . POPs are capable of bioaccumulation and biomagnification as well as circumvention of the available treatment facilities (Chiron and Minero 2007) . The characteristic semi-volatility and lipophilicity of POPs encourages their widespread, environmental transportation and bioaccumulation respectively. A number of these compounds are chemically made up of carbonhalogen bonds which are very strong covalent bonds in form of an aromatic-chlorine or aromatic-fluorine (Ministry of Environment and Water 2006). As a consequence of this, the compounds cannot be easily hydrolysed and therefore persist in the environment. Furthermore, their lipophilicity ensures passage through the lipid bilayer of the cell membrane and causes them to be locked up in the fatty tissue, where they may reach toxic concentrations (Tartu et al. 2017) . Examples are organo-halogens which can be in the form of fluorinated (Multigner et al. 2016) 11 Dieldrine Insecticide (Kataoka et al. 2010) compounds, hexachloro benzene, chlordane, dioxins, polychlorinated biphenyl (PCBs), mirex, furans, toxaphene, dichloro diphenyl trichloroethane (DDT) and heptachlor. POPs are generated by both anthropogenic and nonanthropogenic activities with a significant proportion from the latter (Miniero and L'lamiceli 2008) . The route of these chemicals depends on human uses, the media of transportation, physical and chemical properties. Primarily, POPs exposure is through water and consumption of contaminated food, especially sea food such as fish. Efficient treatment facilities must however be installed to properly remove the POPs in wastewater and ensure their absence in potable water. (Charlier et al. 2002) Activated carbon adsorption Activated carbon is an extremely porous material with large surface area that allows the adsorption of a number of substances in their gaseous or liquid phases. Activated carbon can be used in commercial industries such as pharmaceuticals and foods for decolourisation, deodorisation and purification. It is capable of removing a large amount of dissolved compounds from wastewater because of its large surface area to volume ratio. The mechanism of removal is usually adsorption which occurs when the attractive forces on the carbon surface outweigh the attractive forces of the liquid. The large surface area of activated carbon accumulates large numbers of contaminant molecules. It is generally recommended in the tertiary stages of wastewater treatment for removal of chemical substances, colourants and reduction of COD. The activated carbon powder can be a form of granular activated carbon (GAC) or powdered activated carbon (PAC). The formation of toxic sludge, high maintenance cost and fouling of adsorbent material are their greatest limitation.
Treatment options
Researching the use of low cost materials and surface functionalising has improved the use of activated carbon in water treatment (Daǧdelen et al. 2014) . Synthesis of activated carbon can be achieved through the use of waste carbonaceous substances or biomass. Üner et al. (2016) reported a significant removal of methylene blue (MB) dyes from aqueous solution using activated carbon synthesised from the activation of Citrullus lanatus (Melon) rind by zinc chloride. Altmann et al. (2014) in their direct comparison of activated carbon and ozonation for POPs treatment in wastewater reported the successful removal of carbamazepine and diclofenac by both treatment options. A greater efficiency was reported for activated carbon in the removal of bezafibrate, benzotriazole and iomeprol compared to ozone, while sulfamethoxazole was more efficiently removed by ozonation. However, each option has its own specificity, depending on the treatment objective. The use of activated carbon is very efficient and it may remove more than 90% of the POPs, especially those that contain benzene and/or amine functionalities which enhance their sorption activity (Snyder et al. 2003) . One of the advantages of GAC is the possibility of thermally reactivating and reusing of the carbon content. The PAC is usually added as dry powder or aqueous solution simultaneously with the flocculation step. PAC's economical advantages include reduction of cost due to aeration tanks and secondary settlement basins as well as its flexibility in term of dosing. Wong et al. (2016) reported the capability of triethoxyphenylsilane (TEPS)-functionalized magnetic palm-based powdered activated carbon (MPPACTEPS) for the low cost and effective degradation of POPs. Demerits are large volume of toxic sludge and the mere transfer of contaminants from aqueous phase to solid phase.
Membrane bioreactor
MBR is an integration of a biological process (such as a suspended growth reactor) with a perm-selective membrane. The solid material which is developed by biological process is preferentially rejected by a membrane to create a clarified and disinfected product. It is usually an active sludge with membrane filtration equipment based on ultra filtration or micro-filtration. MBR systems can be a gravity-driven or pressure-driven type. The gravitydriven systems involve the use of hollow fibres or flat sheet membranes in either the bioreactor or in a subsequent membrane tank while a pressure-driven system uses in-pipe cartridges located externally to the reactor. Generally, the process is initiated by a microbial degradation of the pollutants, followed by continuous filtration and air scouring in a series of working membrane units. The type of membrane is generally dependent on the size of the contaminant. It incorporates a series of filters such as nano-filters; used for contaminant sizes in the range 1 to 5 nm, ultra-filters; used for contaminant sizes in the range 5 to 100 nm and micro-filtration which is used for contaminants of size ranges between 100 to 1000 nm. MBR is considered efficient, simple, cost effective and reliable for the treatment of both organic and inorganic pollutants (Trzcinski and Stuckey 2016) . It generates a high quality effluent. However, fouling of membranes which leads to the increase in trans-membrane pressure (TMP), processing time and cost of maintenance are the greatest hindrances in the application of MBR for wastewater treatment (Snyder et al. 2003) . Likewise, generation of solid phase effluents which are very difficult to dispose is also a serious demerit associated with MBR. More research is desirable in order reduce the fouling effect and improve the integration of MBR in hybrid with treatment technologies for the increase exploitation of its many benefits (Mahamuni and Adewuyi 2010) . Currently, the MBR do not always produce the expected result in the treatment of POPs and show poor removal of non-biodegradable aliphatic and aromatic hydrocarbon compounds, halogenated organic compounds, organic dyes, pesticides, phenols and their derivatives. The two most important assessment parameters for satisfaction of the objective in wastewater treatment technology are the process technicalities and economical feasibilities (Ozonek and Lenik 2011 ). An efficient, safe, low energy and cost-effective option must be exploited for effective treatment of highly persistent chemical compounds. Consequently, other important modern techniques currently undergoing intensive investigations must be exploited.
Advanced oxidation processes
AOPs are aqueous phase oxidation systems that generate highly reactive hydroxyl (OH) radicals as the predominant species with high capabilities for destruction of persistent organic pollutants. The OH radicals ensure the effective degradation of soluble organic contaminants into simple and biodegradable forms. Factors such as water turbidity, solution pH, time of reaction, amount/volume of the organic compound susceptible to degradation and the presence of OH radical scavengers or stimulator substances can significantly affect the degradation activity of the OH radical (Bethi et al. 2016) . The AOPs can be in the form of an electrical discharge (ED) oxidation or a cavitation system, both of which are recently acknowledged as wastewater treatment technologies (Chong et al. 2012) . The uniqueness of these processes is their diverse production of highly reactive OH radicals, which react non-specifically and rapidly oxidise organic pollutants in wastewater. AOPs can be applied as a single process or in combination with other AOPs or with conventional methods depending on the treatment objectives and the properties of the wastewater stream. He reported that OH radical-based AOPs were more efficient than ozone in the destruction of acetaldehyde. Meanwhile, ozonation is considered to be a preferable treatment because it is more efficient for the destruction of amines and there is no need for the injection of hydrogen peroxide for optimum performance of the system. Giri et al. (2010) also confirmed the capability of ozone-based techniques for simultaneous removal of POPs when mineralising simulated wastewater containing 16 commonly used pharmaceuticals by using several combination AOP techniques. Despite the opportunities offered by ozone treatment of POPs, its toxicity, high cost of treatment and costly maintenance are big disadvantages. Besides, ozone performance is very poor in wastewater with high soluble solids (SS) content, high COD, high BOD or high TOC levels (Reis et al. 2012 ). Hydrogen peroxide catalysed by Fe 2+ in Fenton oxidation and Fenton-like processes has been highlighted to be successful in production of reactive hydroxyl radicals for the purpose of wastewater purification. The iron needed for catalytic oxidation in Fenton reactions is often available in industrial wastewater. Fenton oxidation can be applied in both primary and secondary stages of treatment. In this regards, the hydrogen peroxide catalysed by ferrous iron can disinfect the water, removing microorganisms while the OH radicals degrade the persistent organic pollutants and the generated Fe 3+ complex acts as an excellent coagulant (Hamamoto and Kishimoto 2016) . Conversely, difficulties in its conveyance and cost of hydrogen peroxide have been the greatest limitation in the application of Fenton oxidation. However, electro-Fenton systems with capabilities for in situ generation of OH radicals have been very successful in wastewater treatments in AOPs (Asghar et al. 2015) . Factors such as initial concentration of the effluent stream, pH, temperature, operating parameters (inlet pressure) and reactor design play vital roles in the determination of the process efficiency (Badmus et al. 2016 ). All these factors are very important and must be applied at the specific optimum conditions. The free radical generation process is pH sensitive and a good understanding of its manipulation is required for the successful degradation of POPs (Bagal and Gogate 2014a) . Slow degradation can occur due to a low production rate of OH radicals in an acidic solution (pH < 2.0). This can be caused by stabilisation of hydrogen peroxide due to the formation of oxonium ions at low pH, or the formation of a slow reacting aqueous iron complex or the scavenging effect of hydrogen peroxide by the excess protons. Besides, Fe II complexes may be produced at pH > 4, this also reduces the production rate of the OH radical and consequently slows the degradation of POPs (Muruganandham et al. 2014; UNESCO 2012) . The concentration of hydrogen peroxide must be optimised in order to prevent its excessive scavenging of OH radicals (Dimitrakopoulou et al. 2012; Gore et al. 2014) . These highlighted challenges can be redressed with the deployment of novel cavitation technology and nano zero valent iron (nZVI) in the treatment of wastewater. The in situ generation of OH radical/hydrogen peroxide in cavitation technology and nZVI system has been recently reviewed (Lester et al. 2011 ). Either energy intensive UV or chemical intensive hydrogen peroxide can also be used to complement ozone or together in an AOP system to give efficient treatment of POPs. Dimitrakopoulou et al. (2012) investigated UV-A/TiO 2 photocatalytic degradation of amoxicillin (AMX) in aqueous suspension (Dimitrakopoulou et al. 2012) . This system successfully degraded AMX in simulated wastewater, under the control of irradiation time, solution pH, water matrix, photocatalyst types and loading. The degradation of the AMX was however very slow resulting in the formation of unknown intermediate products. A single AOP system can accomplish partial degradation of recalcitrant organic pollutants, but rarely achieves complete mineralisation except in combination with other forms of AOPs or treatment procedures (Cai et al. 2015; Hou et al. 2016; Zhang et al. 2013) . Other challenges are the formation of unknown secondary by-products, costly chemical reagents (peroxide) and high energy requirement (UV and ultrasound). Since wastewater contains many chemical scavengers, a continuous flow of oxidants must therefore be ensured to achieve complete degradation or mineralisation of the contaminants. Efficient and low cost of treatment in AOPs can be achieved through the combined application of AOPs in a single system with potentially no or low chemical and energy inputs (Mahdad et al. 2015) .
This ensures synergistic effects, with the combined efficiency greater than the sum of individual efficiencies that could be achieved with a separate treatment (Table 2) .
Cavitation
This is the formation, growth and collapse of bubbles (cavity) within a liquid as a consequence of local pressure pulsations. The liquid which contains vaporous bubbles experiences a consistent pressure reduction which results in the increase in size (growth) of bubbles and eventual collapse (implode) at a critical magnitude of pressure (Šarc et al. 2017) . At this state, the critical pressure is lower or very close to the liquid specific saturated vapour pressure. The implosion of the bubble is accompanied with local destruction of chemical bonds, hydraulic shock, high temperature and pressure of about 5000 K and 60,000 kPa, respectively, for a short period in the trapped vapour (Gong and Hart 1998) . Until recently, cavitation was only known for causing the erosion of metallic surfaces and research attention was on its prevention. Surface destruction and material displacement caused by cavitation have been huge challenges for mechanical equipment users and producer (Ozonek and Lenik 2011) . Conversely, this extreme condition is adequate for rupture of biological or organic structures and dissociation of water molecules into OH and H radicals. The generated OH radical is an excellent initiator of chain reactions and one of the most powerful oxidants with the capability for spontaneous, non-specific degradation of unsaturated hydrocarbons. Since the unsaturated hydrocarbon bond is a basic chemical structure of organic contaminants, the generated OH radical can therefore be applied for the treatment of POPs in wastewater and sewage. Degradation of pollutants depends on their functional group content because only a small amount of radicals reach the bulk liquid bulk. Apparently, the OH radical is responsible for the degradation of organic pollutant during cavitation in three locations; inside the bubble, at the gas-liquid interface and in the bulk liquid phase (Mehrvar et al. 2001) . The cavitation can be initiated by a local power supply as in optical (strong laser beam) and molecular cavitation (elementary particle) or by stretching forces, as in acoustic and hydrodynamic cavitation. The sizes of bubbles and their position can be controlled in both optical and molecular cavitation. Their commercial application is limited due to the high operational cost (Santos and Lodeiro 2009) . The acoustic cavitations and hydrodynamic are the two most used types of cavitation technology with capability for large-scale application in wastewater treatment plants. Acoustic cavitation is caused by the acoustic waves in liquid while hydrodynamic cavitation is caused by hydrodynamic phenomena in liquid. Other existing cavitations are optical cavitation and molecular cavitation caused by strong laser beam and elementary particles (proton), respectively (Ozonek 2012) .
Acoustic cavitation using ultrasound is a physical phenomenon which is caused by sound waves in alternating compression and rarefaction. The performance of ultrasonic cavitation depends upon the frequency, intensity of the sound waves, as well as temperature, the nature of solvent and the external pressure (Santos and Lodeiro 2009) . The formation of bubbles in an ultrasonicator may be favoured at low frequencies (20 kHz) because the higher the frequency the lower the cycle of compression and decompression. Therefore, the void needed for achievement of cavitation is absent at higher frequencies (Šarc et al. 2017) . Conversely, an increase in sonochemical intensity can be caused by an increase in the amplitude of vibration. This is due to the proportional relationship between the amplitude and intensity. The intensity must be at the optimum value for achieving a positive sonochemical effect because too high an intensity may be detrimental to sonochemical degradation, leading to the deterioration of the transducer. Furthermore, optimum application of temperature must be ensured during ultrasonic cavitation. Too high temperatures can lead to disruption of the solutematrix interaction, promote microbial integration and enhance the diffusion rate. The consequence of this is the reduction in sonication effect because increased evaporation leads to reduced bubble formation and successful bubble collision (Santos and Lodeiro 2009) . Besides, cavitation is not easily achieved in a liquid of high natural cohesion, i.e., high magnitude of viscosity and surface tension (Webb et al. 2011 ). Atmospheric pressure is very adequate for ultrasonic cavitation. The pressure can be generated either through an ultrasonic bath or probe by manipulating parameter such as the amplitude or frequency. These pressure pulse parameters are easy to control and reproduce. Consequently, acoustic cavitation is the best way to demonstrate the phenomenon of cavitation in the laboratory (Louisnard and González-garcía 2011) . It can be applied directly using an ultrasonic probe or indirectly through the wall of the container using a sonication bath or sonoreactor. The unifying factor is the production of oxidative species, like hydroxyl radicals which invariably react with contaminants. According to hot-spot theory, reaction with free radicals can occur in the surrounding liquid, within the collapsing bubble and at its interface (Mahamuni and Adewuyi 2010) . Ultrasonic applications are currently limited to laboratory scale and developing stage. However, they are increasingly gaining acceptance in the treatment of POPs in wastewater because of their environmental friendliness and cost effectiveness. The different types of probe can be immersed in a liquid directly for the purpose of sonication. Contamination and lose of volatile sample content are usually experienced as a consequence of direct contact of the probe with the liquid. The indirect application of sonication (glass probe) can take care of the contamination defect associated with the direct use of a probe (Santos and Capelo 2007; Santos and Lodeiro 2009) . Ultrasonicator can be applied in (Yaacob et al. 2012) wastewater decontamination, electrocoagulation, disinfection and membrane filtration (Sillanpää et al. 2011) . The beneficial removal of several POPs by ultrasonication has been demonstrated in many studies (Bremner et al. 2010 ). Adewuyi and Khan (2012) provided a framework model for robust and rigorous development of sonochemical systems and reactors (Adewuyi and Khan 2012) . Effective mineralisation of POPs, however, depends on the combination of ultrasonicator with other AOPs (de Vidales et al. 2015) .
The cavity in hydrodynamic cavitation is generated as a consequence of constrictions in liquid flow. The smooth convergence/divergence of a venturi design ensures that the greatest degree of degradation could be obtained (venturi) compared to an orifice designed with similar levels of operating pressure (Mishra and Gogate 2010) . The possibility of multiple holes within the same cross-sectional area and simple fabrication are the comparative advantages of using an orifice plate. The efficiency of hydrodynamic cavitation depends on the cumulative effect of factors such as device parameters, properties of the investigated velocity at the expense of pressure in a reactor. For hydrodynamic cavitation, orifice or venturi designs are capable of generating cavitation in a flowing liquid system and technology process parameter (Ozonek 2012) . Device parameters such as the size or shape of the cavitation inducer and flow chamber defines the structural characteristics of the reactor while properties of the investigated system such as viscosity, density, dissolved gas and surface tension are the parameters characterising the properties of the medium. The technology process parameters are the liquid flow rate, temperature and inlet pressure. The lower the cavitation number, the higher the magnitude of velocities existing in a reactor and consequently the number of passes through the cavitating zone for the same time of operation will be higher (Dular et al. 2016) . Therefore, higher degradation of pollutants is as a result of the high number of passes through the cavitating device which ensures that the liquid experiences cavitating conditions more frequently. The operating pressure in hydrodynamic cavitation is due to the high variation in liquid or fluid acceleration/deceleration inside a closed pipe. The inflexible experimental procedures of hydrodynamic cavitation create difficulties in its optimisation (Benito et al. 2005) . Conversely, the operating cost is relatively low and the possibility of treating large volume of wastewater with inexpensive component parts such as tank, venturi tube and pipes is feasible.
Generally, cavitation is used as a post treatment procedure. It is usually applied after the treatment with biological processes or in combination with other advanced oxidation processes. The combination of cavitation with other AOP methods during wastewater treatment is to compensate for the challenges of each of the methods with regard to the mineralisation of POPs. In such cases, cavitation methods are very effective if carefully applied. Braeutigam et al. (2012) reported 63% transformation of carbamazepine (5 μg/L) in a combined hydrodynamic cavitation and ultrasonic cavitation processes within 15 min. Zupanc et al. (2013) studied the removal of clofibric acid, ibuprofen, naproxen, ketoprofen, carbamazepine and diclofenac by hydrodynamic cavitation. They obtained between 30 and 70% degradation when their system was combined with UV/H 2 O 2 at optimum conditions. The two methods of cavitation (acoustic and hydrodynamic) are very efficient, green and cost effective for the treatment in wastewater, especially in the tertiary application to remove or mineralise POPs. Worthy of note is the advantageous edge of hydrodynamic (jet-loop) over acoustic (ultrasonicator) in terms of simplicity, energy efficiency (except multiple frequency flow cell), cost and large-scale application (Capocellia et al. 2014 ).
Application of hydrodynamic cavitation in hybrid AOP systems
Hydrodynamic cavitation at optimum operational conditions establishes the continuous generation of free radicals and allows the maximum contact between the generated radicals and the pollutants in the shortest possible time. Apparently, energy efficiency of hydrodynamic cavitation is highly dependent on experimental conditions and pollutant characteristics (Capocelli et al. 2014) . Its various advantages such as low operational cost, no chemical addition, low energy utilisation and treatment of large volume of pollutants makes it a very efficient procedure for the mineralisation of POPs in partially treated water (Dular et al. 2016) . The combination of hydrodynamic cavitation with other advanced oxidation processes ensure efficient mineralisation of micro-pollutants with better synergistic effects compared to stand-alone advanced oxidation processes (Gore et al. 2014) . Khanchandani et al. (2016) reported effective degradation of methomyl using hydrodynamic cavitation and enhanced the treatment by combining it with other AOPs such as H 2 O 2 , Fenton reagent and ozone (Raut-jadhav et al. 2016) . In their studies, hydrodynamic cavitation-ozone combination gives the highest mineralisation and energy efficiency among all the tested hybrid methods. Therefore, one or more of the popular AOPs such as ozone oxidation, Fenton process, photocatalytical oxidation, UV oxidation and recently zero valent iron application can be combined in hybrid AOPs for better treatment and elimination of associated disadvantages of a single treatment method.
Photocatalysts and hydrodynamic cavitation
Semiconductor photocatalysts such as TiO 2 , SeO 2 and ZnO can absorb a substantial quantity of (UV) radiation from a light source (greater than its band gap) and generate an electron/hole pair. The generated negative electrons are capable of using the available excess energy to gain promotion (excitation) from the valence band (VB) to the conduction band (CB) and therefore leave behind positive holes (Fig. 1) . The holes break down water molecules into hydrogen and hydroxyl radicals as the electrons react with oxygen to produce the super oxide anion (O − 2 ). Both radicals and superoxides are capable of reacting with POPs to generate more biodegradable end products (Khan et al. 2015a, b) . The mechanism of POPs degradation may be through absorption of light by the photocatalyst and charge transfer reaction to create radical species for decomposition of adsorbed pollutants. Photocatalysts can either be homogenous or heterogeneous. The common challenges associated with photocatalysts are their high band gabs, agglomeration, small surface areas, instability and difficult recovery after treatment (Rehman et al. 2009 ). Techniques such as modification by organic materials, semi-conductor coupling and metal doping have been deployed by researchers to reduce the band gap and ensure the utilisation of lower energy (sourced from sunlight) by these photo active semi-conductors (Rehman et al. 2009 ). The capability for utilisation of natural resources such as sunlight, activity at room temperature and pressure, chemical stability and low cost of titania as well as it total mineralisation of a variety of organic pollutants are advantages of photocatalytic degradation using titanium(iv) oxide. However, the degradation of pollutants depend on physicochemical properties of the metal oxide, the amount of pollutants, the nature of the pollutant, its volume, the surface area of photocatalysts and the solution pH (Kaur and Singh 2007) . Fouling of the photocatalysts and the presence of many radical scavengers will lower the rate of degradation and render the process ineffective in wastewater treatment, except when applied in combination with other AOPs. The simultaneous application of cavitation and photo catalytic oxidation has been reported to be a very effective method of contaminant degradation in wastewater treatment (Kavitha and Palanisamy 2011) . The combination of hydrodynamic cavitation with UV/TiO 2 has been successfully applied in the laboratory scale degradation of diclofenac sodium, resulting in enhanced rates of degradation under optimised condition compared to the stand alone single treatment options using the two processes separately (Bagal and Gogate 2014b) . Likewise, degradation (sonophotocatalytic oxidation) of reactive blue 19 (RB 19) dye was successfully carried out using sulphur-doped TiO 2 (S-TiO 2 ) nanoparticles, sonolysis and sunlight. Khan et al. (2015a, b) demonstrated the possibility of reducing the band gap in TiO 2 for the utilisation of visible light. However, the degradation rate depended on factors such as the initial concentration of blue 19 (RB 19) dye, the catalyst dosage, the ultrasonic power and the amount of sulphur doping. In spite of the reported successful cases of modification of TiO 2 for its utilisation in visible light, commercial photocatalyst composites remain an illusion. It is therefore imperative that poor environmental and thermal stability of the photocatalyst must be resolved along with the formation of an excellent composite for photo degradation (Zangeneh et al. 2015) .
Ozone and hydrodynamic cavitation
Ozone oxidation is reputed for its success in removal of odour, colour, with disinfection and wastewater decontamination over a wide pH range. Advantages include high oxidation power (E O = +2.07 V), non-selectivity, environmental friendliness and ability to simultaneously react with unsaturated species in the polluted water (U.S. EPA. 1999). Ozone can achieve the splitting of large organic molecules into smaller, biodegradable materials without the addition of disinfection chemicals. The reaction with POPs can be via a direct pathway, which involves the direct reaction between ozone and the dissolved pollutant at pH < 4 or the indirect pathway, which is the generation of the OH radical through the decomposition of ozone in water and the subsequent reaction of the generated radical with the pollutant (Grande 2015) . As a result of its capability to combine a selective process via direct ozone oxidation and an unselective process via radical oxidation, ozonation can effectively degrade several POPs compared to other type of AOPs (Wang et al. 2016) . The resulting biodegradable waste can be dealt with in the biological secondary/tertiary treatment stage. The kinetic of POPs degradation in ozone is typically second order, i.e. first order for the ozone and first order for the POPs. The achievement of effective non-linear degradation in ozone oxidation is due to the combined selective and non-selective reactivity of ozone gas and hydroxyl radical respectively. The accelerated mineralisation in the ozonecombination AOPs compared with other combined AOPs may be due the productions of the two oxidants (ozone and hydroxyl radical) instead of hydroxyl radical only.
Consequently, ozonation can participate in the polymerisation of metastable organic substances leading to their enmeshment, direct precipitation, bridging or adsorption and subsequent removal (Santos et al. 2013) . Ozone is best generated in situ using energy sources such as the electrolytic process or cheminuclear, high voltage corona discharge or UV light (at a wavelength less than 200 nm). Corona discharge is the most efficient of all the in situ ozone generation techniques (Carocci et al. 2014) . It involves the generation of ozone by passing air or oxygen across a narrowly spaced pair of high voltage electrodes (Carocci et al. 2014) . It is advantageous to apply molecular oxygen rather than air in the corona discharge gap (Malik et al. 2015) . The ozone is produced as a result of dissociation of oxygen into its radical form and subsequent recombination in a closed chamber. The in situ generation of ozone is possible through the EDs. This type of equipment has gained particular attention in pollution control and environmental remediation. Electric discharge is the channel of charged particles through a conductive material such as wire electrodes (Panorel 2013) . This often results in the formation of an electrically neutral ionised gas referred to as plasma and known as the fourth state of matter. The term thermal plasma corresponds to high temperature and atmospheric pressure while non-thermal plasma (NTP) is referred to when the generation of free radicals is achieved at low temperature and atmospheric pressure. The generated energised electrons may cause a series of internal reactions and consequently the formation of free radicals. The formation of these oxidants in air or in aqueous systems follows consecutive mechanistic reaction chains that represent an in situ generated oxidative chemical mixture used for pollution control such as air cleaning (Xiao et al. 2014) or in surface sterilisation of polymers (Pankaj et al. 2014) or for the removal of contaminants in water and wastewater (Barkhudarov et al. 2013) .
Ozone can also be used in hybrid combination with other AOPs for a better treatment option. Ozone assisted hydrodynamic cavitation hybrid system may enhance pollutants' oxidation significantly with reduction in the amount of ozone used, lowering the cost of treatment and energy demand (Ozonek 2012) . The hybrid combination of hydrodynamic cavitation and ozone oxidation can synergistically eliminate the disadvantages associated with Bstand alone^processes and significantly improve the degradation output (Patil et al. 2014) . Parag et al. (2015) reported that hydrodynamic cavitation-ozone hybrid is the best for the degradation of triazophos achieving 100% degradation in 90 min and TOC removal of 96% (Gogate and Patil 2015) . It has also been reported that the combined cavitation-ozonation oxidation process can change the molecular structures of organic matter and transform the non-biodegradable organics to more biodegradable forms (Korniluk and Ozonek 2013) . Despite the significant degradation achievement of ozone hybrid processes in the treatment of persistent organic pollutants (Koutahzadeh et al. 2016) , complications caused by the formation of toxic by-product and difficulty in up-scaling remain the subject of continue investigation (Grande 2015) .
Fenton oxidation and hydrodynamic cavitation
Over a century ago, Fenton reported the oxidation of tartaric acid in the presence of a small quantity of ferrous salt (Haber and Weiss 1934) . The produced solution from his reaction gave a violet colour on the addition of alkali. Apparently, this reaction which is popularly used today in water treatment was proposed by Fenton as an identification test for tartaric acid. The use of Fenton reagent in the degradation of organic pollutants has been widely reported (Babuponnusami and Muthukumar 2014; Sharma et al. 2011; Sychev and Isak 1995) . It involves catalytical oxidation of hydrogen peroxide in the presence of Fe 2+ to produce hydroxyl and other radicals that are responsible for degradation of POPs (i) to (iii).
The produced Fe 3+ undergoes further reactions with hydrogen peroxide to regenerate Fe 2+ and thereby established the catalytic role of the ferrous ion. The attractiveness of the Fenton process in the generation of OH radicals for treatment of persistent organic pollutants can be attributed to its cost effectiveness, the abundance and nontoxic nature of the resulting iron oxides as well as environmental friendliness of hydrogen peroxide (Sharma et al. 2011) . Conversely, the narrow useful pH (2-3.5) range, consumption of large amounts of iron compounds, cost of peroxide and resultant formation of large amounts of iron sludge which are difficult to remove are the disadvantages of the Fenton process (Cui et al. 2014) . Besides, the produced stable Fe 3+ -complexes may reduce the efficacy of the treatment method (Natalija et al. 2006) . Overcoming these drawbacks is essential in the achievement of efficient treatment of POPs with Fenton oxidation.
Hydrodynamic cavitation and nano zero valent iron
The generation of in situ ferric iron and the chain of reactions due to the corrosion of metallic iron in an acidic condition is the term advanced Fenton process (AFP). Application of heterogeneous iron catalysts in the AFP offers a possibility of wider pH ranges (pH 2-9) and lower amount of Fe sludge (Kwan and Voelker 2003) . Unfortunately, Fe 2+ /Fe 3+ rate of reaction in AFP is very low, causing a slow rate of reaction in the entire process (Wu et al. 2013) . Developing efficient, reusable and durable heterogeneous Fenton catalysts that are active over a wide pH range is the subject of ongoing research (Araujo et al. 2011; Hou et al. 2016) . The application of zero valent iron nanoparticle (nZVI) as a heterogeneous catalyst in an AFP has recently been reported. nZVI is very versatile and eliminates nearly all demerits associated with Fenton oxidation (Wang 2013; Zhang et al. 2013 ). In the nano form, the inherent desirable properties of a catalytic substance such as reactivity, photo-activity and selectivity can be enhanced. Environmental applications of nano iron materials include elimination of pollutants in wastewater treatment plants as well as site remediation. The application of nano iron particles has been highlighted in environmental remediation. The advantages include improved performance, lower energy consumption and reduction in residual waste (Ali et al. 2008) . nZVI is an effective nano material for the mineralisation of a host of pollutants in contaminated water (Cao et al. 2011; Jewell and Wilson 2011; Yaacob et al. 2012) . It is an ideal adsorbent with strong reducing capacity for contaminants such as organic dyes, persistent pollutant, halogens and heavy metals in wastewater treatment plants (Lopez-Telleza et al. 2011) . A good number of publication have reported the degradation of persistent pollutants using nZVI in the treatment of contaminated water as a Bstand alone^wastewater treatment method (Sirk et al. 2009 ) or in combination with cavitation technology for the treatment of hydrocarbons in oil (Cui et al. 2014) . Cavitation is capable of improving the performance of the heterogeneous catalyst in AFP by breaking down the stable Fe 3+ -complex and making the Fe 3+ available for the regeneration of ferric ion. Cavitation combined with nZVI was found to significantly enhance the performance of AFP for mineralisation of organisms in wastewater in a hybrid combined AOP treatment (Chakinala et al. 2009 ). The excellent resultant mineralisation associated with this procedure and its successful application in real wastewater that containing varieties of OH radical scavengers is widely reported (Liang et al. 2007; Ma 2012) . CavitationnZVI is a prospective hybrid process with significant capability for fast and efficient degradation of persistent organic pollutants. nZVI is a good source of heterogeneous iron catalyst for AFP. The Fenton-like chemistry reaction with hydrogen peroxide yielding a substantial amount of OH radical at a high reaction kinetic rate is shown in equation (iv) to (ix).
This process integrates fast degradation of POPs by nZVI with the role of generated Fe 2+ /Fe 3+ in Fenton oxidation to achieve the desired output in the degradation of POPs. The initial reaction involves the oxidation of nZVI to yield Fe 2+ / Fe 3+ which acts as catalyst in the Fenton production of OH radicals from the generated hydrogen peroxide. Both consumption of chemical reagents and production of large sludge can be significantly reduced in AFP using nZVI as the heterogeneous Fenton catalyst (Li et al. 2015) . Although the research into wastewater treatment with hydrodynamic cavitation is still at the infant level, it offers a simple reactor design, inexpensive and less cumbersome operation procedures in comparison with acoustic cavitation (Gogate and Patil 2015) . Besides, the associated disadvantages in the stand alone AOPs such as production of large quantity of iron sludge and narrow effective pH range (2-3.5) in the Fenton process (Cui et al. 2014) as well as lower mineralisation rate in hydrodynamic cavitation are completely eradicated in this hybrid combination of the two (Gogate and Patil 2015) . Chakinala et al. (2008) proved that the combination of hydrodynamic cavitation and the Fenton process is capable of achieving about 80% reduction in TOC after an hour of treatment time (Chakinala et al. 2009 ). The efficacy of pnitrophenol degradation in the hydrodynamic cavitationFenton hybrid system was found to be strongly dependent on the operating pH and it is at optimum at a pH of 3.75 . reported that the degradation efficiency for p-nitophenol degradation was dependent on the initial concentration of the pollutant . With 63.2% degradation for 5 g/L p-nitrophenol concentrated solution and 56.2% for 10 g/L, it can be argued that high initial concentrations give low percentage degradation rate while low initial concentrations result in high percentage degradation. Apparently, there is equivalence between the molecules of generated radicals and molecules of pollutants.
Future perspective of cavitation process for POPs remediation
The evidence supporting the contamination of wastewater by POPs and its negative consequences on humans and their immediate environment is overwhelming. It is a well known fact that the conventional water treatment facilities have failed to effectively degrade persistent contaminants from wastewater into their mineral form. However, established and advanced water treatment options such as activated carbons, membrane bioreactors and advanced oxidation processes are well documented for their capital intensive treatment of these recalcitrant pollutants. Technicality and economic feasibilities are important conditions in the choice of the prime technology for the removal of POPs in wastewater. Hybrid combination of hydrodynamic cavitation with any other suitable advanced oxidation process has demonstrated great capability and synergistic effect for degradation of POPs. Most of these hybrid methods are cost effective, simple, efficient, energy conserving and are commercially applicable. The associated demerits of a single oxidation process such as narrow pH range are completely eliminated in the hybrid technologies. Notably, formation of large quantities of iron sludge in homogenous Fenton oxidation can also be eliminated by the hybrid combination of hydrodynamic cavitation and nZVI. The future of mineralisation of POPs in wastewater may be represented by hybrid combination of hydrodynamic cavitation and other suitable AOP as presented in this article. Following the outline reports, the future research would be focused on the mineralisation of POPs using optimised hydrodynamic cavitation system catalysed by the heterogeneous form of nano zero valent iron. This will ensure the reusability of the catalyst, reduction as well as easy removal of iron sludge and prevent leaching of nanoparticle in the treated water.
